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Abstract

Introduction

The implantation of calcium phosphate ceramics
in the bone environment elicits the differentiation of
multinucleated giant cells (MNGCs). MNGC interactions with both crushed and standard hydroxyapatite
(HA, Bioapatite®) particles (cHA and sHA) were studied
in rat skull defects. Light microscopy (LM) of undemin eralized material after 21 and 42 days of implantation
showed that the number of particles in the defect signifi cantly decreased (about SO%) with the two HA forms.
Concomitantly, average cHA particle size increased significantly due to the elimination of the smallest particles
by the MNGCs. The number of MNGCs per mm 2 of defect decreased significantly between 21 and 42 days with
the two HA forms as did the number of MNGCs per particle. MNGC-HA interactions were observed at the ultrastructural level with transmission electron microscopy
(TEM) in 21 day demineralized samples. MNGCs appeared smaller than in the LM, since several MNGCs
formed aggregates of interwoven cells. They were
closely apposed to the particle surface but no typical ruffled border or clear zone were seen in any case . An organic material had penetrated the HA particles and scattered in centripetal direction. These results show that
(a) the HA conditioning form had no effect on its degradation and integration behavior, (b) the HA was exten sively degraded by MNGCs before the embedding of the
remaining particles in bone, and (c) MNGCs did not exhibit the distinctive functional apparatus of osteoclasts.

Calcium phosphate ceramics are synthetic biocompatible materials used for bone reconstruction in orthopaedics , plastic and reconstructive surgery, and periodontology. Their bioactivity has been characterized as
osteoinduction (van Blitterswijk et al. , 1986; Damien
and Parsons , 1991; Donath et al. , 1992) . Among the
synthetic calcium phosphate ceramics, hydroxyapatite
(HA) has a higher osteoconductive potential than 13 -whitlockite (tricalcium phosphate) (Klein et al. , 1983;
Shimazaki and Mooney, 198S). Accordingly, we observed that , over a period of years , bone formed slowly
in human periodontal defects implanted with tricalcium
phosphate (Saffar et al. , 1990). While tricalcium phosphate has a high rate of degradation, according to some
authors, HA is not degraded (Klein et al., 1983; Renooij
et al. , 198S). However , it is now admitted that HA ,
even in its densest forms, is degraded to some extent
(van Blitterswijk et al., 198S; Eggli et al., 1988;
Miiller-Mai et al ., 1990). HA degradation is partly mediated by mononucleated and multinucleated phagocytes
[the later are referred here as multinucleated giant cells
(MNGCs)] excavating the implant and modifying its surface characteristics (Damien and Parsons, 1991 ; Donath
et al., 1992; Kawaguchi et al., 1992).
The aim of the present study was to evaluate the
role of MNGCs in the integration of HA particles into
newly formed bone by quantifying the variations in particle and MNGC numbers at two stages (21 and 42 days)
after implantation of two different conditioning forms of
the same HA. Furthermore , we attempted to characterize these cells and their interactions with the implanted
material at the ultrastructural level.

Key Words : Multinucleated giant cells, degradation,
hydroxyapatite, biomaterial, osteoconduction, ceramic,
morphometry.
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Light microscope (LM) morphometric study
Twenty male Wistar rats weighing 200-220 g were
used. At the start of the experimental period , they were
anesthetized with S mllkg of an 8% chloral hydrate solution (Prolabo , France). After shaving the cranium hairs ,
a median sagittal incision of the scalp was performed.
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The muscles and periosteum covering the skull were reflected by blunt dissection with a periodontal elevator
(Derby, France) to expose the underlying calvaria. In
each parietal bone, 1.5 mm lateral to the sagittal suture,
a circular defect was drilled with a trephine (external
diameter 3 mm; Moria, France) rotating at low speed
under saline irrigation. The endocranial surface was
reached but the integrity of the dura mater was carefully
preserved. The defects were filled with 2 different preparations of synthetic hydroxyapatite (Bioapatite®;
PRED, Levallois-Perret, France). The first preparation
was obtained by crushing HA tablets in a mortar under
sterile conditions prior to insertion, the shape and size
of the particles were then quite irregular; the other preparation was in the form of standardized particles (150350 /lm).
Bioapatite®was prepared by a double decomposition method as follows: a solution of diammonium hydrogen phosphate at pH > 9 was slowly poured into a
boiling calcium nitrate solution. The hot precipitate was
filtered, oven dried at 70°C for 12 hours, and aircalcinated at 900°C for 3-4 hours. X-ray diffraction
analysis of this material showed that it had the dhki
standard values of hydroxyapatite with the formula
[Ca 10 (P0 4) 6 (0Hh] (Frank et al. , 1991). It contained
less than 0.5% of 13-phosphate tricalcium and 0% of calcium oxide: impurities (Pb, Hg , Cd ... , sulfates and nitrates) were below the allowed standard specifications;
microporosity was around 40%, and the pore distribution
varied between 20 and 80 J.tm (data provided by J.L.
Lacout, Laboratoire des Materiaux- Physico-Chimie des
Solides, Unite C.N.R.S. 445, Toulouse, France). The
mean crystal diameter was 146 ± 4 7 nm (Frank et al.,
1991).

ters were obtained: (a) the number of HA particles per
mm 2 of defect; (b) the mean particle perimeter (in J.tm);
(c) the number of multinucleated giant cells (MNGCs)
per mm 2 of defect (MNGCs were identified as large cells
containing several nuclei and generally in close contact
with the HA particles); (d) the number of MNGCs per
HA particle; (e) the MNGC mean area (in /lm 2); and (f)
the mean MNGC-particle interface (in J.tm).
Data were tested statistically by performing analysis of variance (ANOV A) followed by group comparison
with Dunnett-t tests. Results were accepted as significant at p ~ 0.05.
Transmission electron microscope (TEM) study
On 4 additional rats, two defects were drilled according to the protocol described above . These defects
were filled with cHA only since the LM study showed no
differences in the reactions between the 2 forms of Rioapatite®. Animals were sacrificed 21 days after implantation because the quantitative study indicated that the
number of MNGCs was higher at that time. The animals
were anesthetized with the same chloral hydrate solution , a thoracostomy was performed and the animals
were perfused with a procaine-heparin saline solution.
This was immediately followed by perfusion with 4%
paraformaldehyde-2. 5% glutaraldehyde in 0.1 M sodium
cacodylate buffer at pH 7.2-7 .4. After their removal ,
the calvaria were postfixed for 90 minutes in the same
fixative, and washed in the same buffer. After reduction
of the size of the samples, they were demineralized in
4.13% disodium ethylenediaminetetraacetic acid (EDTA)
pH 7.2 at 4 oc for 3 weeks and washed in 0.2 M cacodylate buffer pH 7. 2-7.4. At this stage, the calvaria were
split along the median suture and each defect was cut in
a parasagittal plane. The hemidefects were postfixed in
a 2% osmium tetroxide solution in the same cacodylate
buffer for 60 minutes, and embedded in Epon 812. Sections , perpendicular to the parasagittal plane, were cut
on a LKB Ultratome III microtome, and stained with
uranyl acetate and lead citrate. The sections were observed in a JEOL 100B TEM operated at 80 kV. Semithin sections (1 /lm-thick) were stained with toluidine
blue and observed under LM for orientation purposes.

In each rat, the right defect was filled with the
crushed HA (cHA) and the left one with the standardized
HA (sHA). Thereafter, the flaps were repositioned and
secured with 3-0 silk suture. Recovery from surgery
was uneventful. After 21 (t 1) and 42 (t2 ) days of implantation, 10 rats were sacrificed under chloral hydrate
anesthesia. A thoracostomy was performed and animals
were exsanguinated by cardiac puncture . The calvaria
were removed and fixed in cold (4 °C) 40% ethanol. After progressive dehydration, they were embedded without demineralization in methylmethacrylate (Merck,
USA). They were then sectioned in a Jung K microtome
and cut in the frontal plane. Sections were collected in
the central part of the defects to standardize the observations and the morphometric measurements. Four series
of four 4 /lm -thick sections, separated from each other
by 16 /lm, were taken. The first section of each series
was stained with toluidine blue (pH 3.8); the other sections were stained with either the Masson-Goldner trichrome or the von Kossa technique, the latter is a reliable and sensitive method to demonstrate the presence of
the mineralized phase (Schenk et al. , 1984).
Quantitative analysis was performed with the
Morphomat 10 System (Zeiss , Germany) on 3 toluidine
blue-stained sections per animal. The following parame-

Results
Morphological light microscopy study
The density of HA particles in the defects appeared similar at 21 days irrespective of the form of the
HA. Their size and shape were more irregular in the
cHA- than sHA-filled defects as large fragments and
small particles co-existed in the cHA defects. At 42
days the small particles were less numerous than at 21
days. In our undemineralized material, the staining of
the particles was heterogenous: a lightly stained corona
surrounded a denser core. With the von Kossa technique, a gradient of demineralization was seen from the
surface to the center of the particles (Figs. 1 and 2).
However , in some particles , the material had been either
torn off during the sectioning procedure (so that only the
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particle outline was seen) , or cracked (giving it a shredded appearance). These particles appeared fully mineralized ; as with the von Kossa technique, they were as
dark as the host bone (Fig . 1) .
At 21 days after implantation , a great number of
MNGCs were present in the defects , mostly in contact
with the particles, irrespective of the form of the HA .
Some MNGCs , mostly at t 1, had no contact with the material and were encompassed in the fiber network surrounding the particles . MNGCs were either roughly
round or flat and elongated (Fig. 3). They were bigger
than the osteoclasts resorbing the adjacent medullary
host bone , and contained far more nuclei. The nuclei
were packed at the basolateral pole of the cell , i.e .,
opposite the contact zone between the cell and the HA .
When the particles were close, a single MNGC cou ld
make contact with 2 particles. MNGCs were either ap posed along the surface of the particle, or located in
depressions rese mbl ing Howsh ip ' s lacunae (Figs . 3 and
4). MNCGs appeared fewer at the periphery of the large
particles while 2 or more MNGCs could surround the
small ones. Some cells contained very dense inclusions
(Fig. 5). HA fragments were also seen engulfed within
vacuoles (Fig. 6) . Tiny fragments of HA also appeared
detached from the particles beneath the MNGCs (Fig.
3). On the Masson Goldner trichrome-stained sections ,
some slightly stained material was sometimes seen inside
the particle (Fig . 7). In the 42 day group , MNGCs were
fewer , looked smaller, and contained fewer nuclei. No
difference was observed between the two forms of the
synthetic HA as regards the morphology and location of
the MNGCs at t 1 and t2 .
The particles were surrounded by a network of
collagen fiber bundles , loose at t 1 but dense at t 2 , so that
the particles not yet embedded in bone were tightly encompassed. Bone formation occurred in about 25% of
the 42 day specimens. In no case were the defects
completely filled with bone (Fig. 8). The new bone
contained few osteocytes and was as mineralized and
dense as the host bone (Fig. 8). It was lined by a thin
layer of osteoid and few flattened osteoblasts . In some
cases, however, bone formation was more active with
plump osteoblasts (Fig. 9) . No matrix material appeared
interposed between the bone and the particles. Under
polarized light , the newly formed bone showed a
lamellar pattern parallel to the particle surface. In some
cases , the bone grew towards the HA, a layer of osteoidlike tissue and cells were then interposed between the
bone and the particle. When bone had formed, the
number of embedded particles seemed lower than in the
defects not yet filled with bone. On the other hand, the
particles embedded in the new bone were fully
mineralized as seen with the von Kossa technique (Fig.
9) . The newly formed bone was locally subjected to
resorption by osteoclasts which were smaller than the
MNGCs seen elsewhere in the same defect.
Morphometric study

Table 1. Changes in particle density and size occurring
between 21 and 42 days after implantation.
Number of granules
per mm 2 of defect

Granule
perimeter (J.tm)

Crushed HA
21 days
42 days

31.1
16.4

± 4.3
± 2.5a

3 2 8. 77 ± 3 3. 11
479.85 ± 57.80b

49.9
23.5

± 3.9d
± 3.2c

328 .21
359.38

Standardized HA
21 days
42 days

± 24.86
± 21.lge

a, b, cdifferent from corresponding 21 day group at p <
0.02 (a); at p < 0.01 (b); and p < 0.001 (c) .
ddifferent from 21 day crushed HA group at p < 0.01.
edifferent from 42 day crushed HA group at p < 0 .05.

Table 2. Variations in the number of MNGCs elicited
after the implantation of HA particles.
Number of MNGCs Number of MNGCs
per mm 2 of defect
per granule
Crushed HA
21 days
42 days

± 2.76

20.27
3.8

± 0.71a

21 days

40.91

± 5 .19c

42 days

9.59

± 1.99b

± 0 .06

0.67
0 .26

± o.o7a

0.84
0.46

± 0.13
± O. loa

Standardized HA

a,bdifferent from corresponding 21 day group at p <
0.01 (a) ; and p < 0.001 (b).
cdifferent from 21 day crushed HA group at p < 0.001.

Table 3. Effects of implantation duration upon the size
of MNGCs and the length of their interface with HA
particles.
MNGC area
(in J.'m 2)

MNGC-Granule
interface (in J.'m)

Crushed HA
21 days
42 days

920.68
640.41

± 90.62a

52 .99

± 2 .78
± 6.87

1017.58
768.52

± 81.68a

± 81.68

56.39
53.58

± 1. 79
± 3.04

±

50.66

57.67

Standardized HA
21 days
42 days

The number of particles per mm 2 of bone defect
(Table 1) was higher in the sHA groups than in cHA

adifferent from corresponding 21 day group at p < 0.05 .
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Figure 1. Defect filled with cHA (21 days) . Once stained with the von
Kossa technique some particles , the largest in this sample , are uniformly
dark. In others , a lightly stained corona surrounds a dark core (arrowheads) showing that demineralization progresses from the periphery to the
center of the particles. The smallest particles are completely demineral ized (arrows) . Bar = 100 JLm .
Figure 2 . Higher magnification of Figure 1. A transitional zone of
interstitial mineral dissolution is visible at the periphery of the fully
mineralized core. Bar = 30 JLm .
Figure 3 . Flat MNGC in its lacuna. From the body of the cell which
lies at some distance of the particle surface , numerous processes come into contact with the particle. Between the processes tiny fragments of HA
appear released from the bulk of the particle . In no case , can these processes be confused with a ruffled border. Toluidine blue. Bar = 20 JLm .
Figure 4 . An HA particle resorbed by several MNGCs (black arrows)
at once is fragmenting. An unusually large cell (open arrow) is located
in a deep lacuna . A thick and long process (small arrows) splits the
particle . sHA at 21 days ; toluidine blue. Bar = 50 JLm .
Figure 5. Higher magnification of Figure 4 . Large vesicles easil y
differentiated from the neighboring nuclei , contain a very dense
punctiform material (arrows). They are probably the LM counterpart of
the vesicles containing the highly dense material seen at the ultrastructural level. Bar = 10 JLm .
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Figure 6. Intravesicular mineral Led HA fragments (arrows) in a MNGC isolated in a loose
fibrous connective tissue . This pi bably represents an earlier stage of degrad1tion than in
Figure 5 . cHA site at 21 days ; toluidine blue .
Bar= lOJLm.
Figure 7. Presence of an organic naterial inside
a particle (thin arrows), stained b ight red with
the Masson-Goldner trichrome. Tre staining was
also seen along the scalloped particle surface
(arrowheads) and beneath some N NGCs (thick
arrows), which suggests a MNGC crigin . sHA at
2 1 days. Bar = 30 JLm .

MNGCs-Hydroxyapatite Interactions

Figure 8 . Bone formation around some
HA particles (*).
In the section , no
connection exists between the new bone
and the host bone (HB) , so that the continuity of the skull is not restored . Gaps
between the bone nodules indicates that
bone was first deposited around each parti cle and that the nodules secondarily coalesced as pointed out by the arrow. The
newly formed bone was dense. sHA specimen , 42 days post implantation. MassonGoldner trichrome . Bar = 0.5 mm.

The total number of MNGCs present in the sHAfilled defects was consistently higher than in cHA ones
(p < 0 . 001 at t 1). They sharply decreased with time:
-81% (p < 0.01) in the cHA group and -76% (p <
0.001) in the sHA one (Table 2). Regression analysis
suggested that the MNGC number was dependent on the
number of particles (r = 0.82; y = 0.83x- 6.65; p =
0.0001). Indeed, when the number of MNGCs was referred to the number of particles, the number of MNGCs
per particle was almost similar for the two HA forms.
As before , the number of cells decreased significantly
between 21 and 42 days with both HA forms (p < 0.01
vs t 1) (Table 2).
The cells recruited on the 2 forms of HA had the
same surface area at 21 days. They were significantly
smaller at t 2 compared with t 1 (p < 0.05) (Table 3). No
change in the cell-particle interface was found (Table 3).

Figure 9. Bone formation in contact with HA particles.
With the toluidine blue staining the particles being embedded in bone are fully mineralized (open arrows) as
indicated by the artifact cracks due to the sectioning procedure. In contrast, some neighboring demineralized
particles (arrowheads) are not involved by the osteogenesis process. In places, bone formation is in progress
with plump osteoblasts laying down bone matrix near a
small particle (small arrow). Bar = 100 ,urn.

ones, though the difference was significant only at t 1 (p
< 0.001). With time, the particle content of the defects
conspicuously decreased with the 2 HA forms: cHA:
-47% (p < 0.02) and sHA: -52% (p < 0.001) at t 1 versus (vs) t 2 . Although the size of the particles appeared
morphologically different between the two conditioning
forms, their mean particle perimeter was similar at t 1 .
Particle size significantly increased with time with the
cHA (+45%, p < 0.01) , so that the surface area of the
particles was significantly different (p < 0.05) between
the t 2 groups (Table 1).

Electron microscope observations
MNGCs contained many nuclei of various shape ,
frequently deeply indented, grouped at the basolateral
pole of the cells (Fig. 10). Mitochondria in great number were evenly distributed in the cytoplasm (Fig. 11) .
The abundant Golgi apparatus had mostly a perinuclear
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distribution. The rough endoplasmic reticulum was well
developed but remained rather limited in extent relative
to the large size of the cells. A great number of vacuoles of various sizes was scattered throughout the cytoplasm but in higher number near the cell-HA interface,
referred here as the active pole. These vacuoles appeared heterogenous: most of them were electron translucent but others were filled with a dense amorphous
material. A third type of vacuoles containing highly
electron dense inclusions (Fig. 10) was also found in
variable amount in the MNGCs: in some cells only a few
clusters were observed, whereas in other cells, they
were far more abundant. These highly dense inclusions
were sparse in the cytoplasm near the active as well as
the basolateral poles. At higher magnification, this
highly dense material was enclosed in vacuoles which
also contained a thin and loose material (Fig. 12).
Along the basolateral surfaces, the MNGCs
formed microvilli which interpenetrated with microvilli
from neighboring MNGCs (Fig. 10). The criss-cross of
the microvilli was often so tight that it was difficult to
delimit the adjacent cells.
As a consequence, the
MNGCs were actually smaller than expected from their
LM appearance, in fact several MNGCs formed aggregates of interwoven cells (Fig. 10). The microvilli were
also directed towards neighboring endothelial cells and
mononucleated cells exhibiting all the MNGC cytoplasmic features.
At the interface with the HA particles , the
MNGCs were in general closely apposed to the material
(Fig. 11), alternatively cellular processes penetrated the
material forming a dense network which scattered in
centripetal direction (Fig. 13). In no case was a ruffled
border or a sealing zone observed. In places, the same
amorphous material, as seen in some vesicles, was in
contact with the HA particle or within the particle at
some distance from the surface. Organic material was
observed inside the HA beneath the MNGCs. At higher
magnification , this organic material was heterogenous;
beside a loose and diffuse material, membranous structures enclosed a denser material (Fig. 14).

One step of HA integration was the dramatic decrease in the number of particles between t 1 and t2 irrespective of its form. It accounted for about one half of
the implanted material at least, because the reduction
may have begun before t 1. The concomitant increase in
the mean size of the cHA particles indicates that the
smaller particles were eliminated. However, this does
not fit in with the decrease in sHA particles whose mean
size remained almost constant throughout the experimental period. This suggests that the density of the particles
in the wound is also of critical importance: the elimination of some particles would provide enough space
around the remaining particles to achieve an appropriate
environment for bone formation to occur. It was shown
that macroporosity had a significant effect on the amount
of bone invading large implants. Daculsi and Passuti
(1990) , comparing different materials with pore sizes
ranging from 100 to 500 J.tm, found that the material
with the largest pores exhibited earlier and greater bone
deposition . van Blitterswijk et al. (1986) observed that
in large blocks of macroporous (100 J.tm) HA, the area
occupied by bone was directly related to the macropore
size and that the enlargement of the smaller pores preceded bone formation . In our samples, although the HA
was in particles , a similar phenomenon may have thinned
out the zones where the particles were too packed.
Their elimination would allow the organization and densification of the fiber network embedding the particles,
an event regularly reported in the stages preceding bone
formation (Uchida et al., 1985; Saffar et al., 1990;
Donnath et al. , 1992) and also observed in the present
study . This might also help the growth of a denser capillary network around the remaining particles as stated
by van Blitterswijk et al. (1986). This is of interest
since, besides the role of vasculature in providing Ca, P
and metabolites to the formation sites , perivascular cells
are a potential source of osteoblast precursors (Owen ,
1985; Reddi, 1985; Roberts et al., 1987; Brighton et al.,
1992), and endothelial cells provide an environment suitable for proliferation and phenotypic expression of
osteoblasts (Hulth, 1989; Villanueva and Nimni, 1990) .
The elimination of the particles was carried out by
the MNGCs. The largest particles were excavated by
Howship-like lacunae or fragmented in smaller particles.
As for the small particles, they were surrounded by several MNGCs degrading them. The presence of fragments of HA within phagolysosomes shows that the ingestion and the subsequent dissolution of the material are
critical processes for the elimination of the fragments
detached from the particles. This agrees with Owens et
al. (1986) and Kwong et al. (1989) who reported that
endocytosis was a prerequisite for the dissolution of aggregates of calcium phosphate crystals. Dissolution of
the ceramic is actually performed in the MNGC phagolysosomes as these cells possess the enzymatic equipment to acidify the intravesicular as well as the extracellular milieus (Vignery et al., 1989, 1991). The intravesicular highly dense material seen at the ultrastructural
level in our demineralized samples was likely remnant of

Discussion

The skull defect is a useful model to test materials
or agents thought to promote bone repair (Frame, 1980;
Takagi and Urist, 1982; Deporter et al., 1988; Damien
and Parsons, 1991; Becket al., 1991). Such defects do
not close spontaneously in adults , provided that the defect is large enough (Frame , 1980; Mellonig et al.,
1981; Takagi and Urist, 1982; Deporter et al., 1988).
In a pilot study, we verified that only small amounts of
bone were deposited on the edges of 3 mm defects after
42 days (Dersot, 1992) . In this respect, the bone formation after the HA implantation in such defects was actually related to the osteoconductive properties of the
material itself. Therefore, one can assume that this
model is also suitable for studying the events preceding
HA integration in bone.
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Figure 10. Complexity of the spatial arrangement of the cells in contact
with an HA particle. Several cells are closely juxtaposed . They are
separated by shallow intercellular spaces occupied by intertwined microvilli (arrows). This juxtaposition does not allow us to individualize all
these cells at the LM level , leading to an overestimation of the size of the
MNGCs. At the top of the microphotograph , a portion of MNGC contains one large vesicle filled with an highly electron dense material (thick
arrow). cHA at 21 days. Bar = 1 J.Lm.

Figure 11. Higher magnification of Figure 10 at the interface MNGC particle. The cell is tightly apposed to the particle and does not exhibit
the complex infoldings of the osteoclast ruffled border. The subsurface
of the particle contains an organic material originating from the cell.
cHA at 21 days. Bar = 1 J.Lm .

Figure 12. Vesicle containing remnants of an electron dense material
(thick arrows) sparse in an organic stroma in which vacuoles (thin arrows) are seen. Some of them are empty while others contain tiny frag ments of the electron dense material. cHA at 21 days. Bar = 1 J.Lm .
Figure 13 . Inter face of a MNGC with an HA particle. lnfoldings emanating from the MNGC penetrated the HA . With careful examination
some processes can be followed deep into the material. Because of demineralization the actual relationships of these processes with the particle
subsurface are no longer identifiable. Note the presence of many phago Iysosomes containing the highly electron dense material shown in Figures
10 and 12 . cHA at 21 days . Bar = 1 J.Lm.

40 1

Figure 14 . Organic material having penetrated in
the particle subsurface . Besides a diffuse thin
granular membrane-limited material , individual ized cell fragments contain various inclusions
which cannot be identified . cHA at 21 days . Bar
=

0.5 J.Lm .
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ingested HA. Indeed, Wada et al. (1989) showed by energy dispersive X-ray spectroscopy that the electron
dense material present in demineralized preparations
corresponded to a material rich in Ca and P in the mineralized specimens. The latter was morphologically
identified as clusters of engulfed ceramic crystals. The
presence of intravesicular ceramic crystals in MNGCs
and mononuclear phagocytes has been frequently reported (Daculsi et al., 1989; Orly et al . , 1989; van
Blitterswijk et al., 1986; Miiller-Mai et al., 1990;
Kawaguchi et al., 1992).
The presence of organic material within the HA
particles was a common observation in our TEM study .
After the implantation of the same HA in humans, Orly
et al. (1989) found that the intercrystalline spaces were
filled with an abundant organic material, including collagen fibers. The presence of membrane-limited elements in our samples might indicate that part of this material was actually cellular processes originating from
the MNGCs as observed by some authors (Wada et al. ,
1989; Miiller-Mai et al., 1990; Kawaguchi et al., 1992 ;
Takeshita et al., 1992). If so, the processes might have
penetrated the HA through its micropores since according to Miiller-Mai et al. (1990) the micropore diameter
increases after implantation at the interface HA-implant
bed. This penetration might partly contribute to the
fragmentation of the particles and precede the ingestion
of the detached fragments. The thin material seen within
the particles on the Masson-Goldner stained sections
might be the LM counterpart of this organic material.
The implanted material was also affected by a
centripetal mineral loss suggesting an in-situ partial demineralization. This event , probably passive , i.e. , not
cell-mediated because of its regularity at the periphery
of the particle, might prepare the material for the action
of the MNGCs and improve its fragmentation by these
cells. However , some particles kept their initial mineral
content , resulting in a typical shredded appearance after
the sectioning procedure. It is of interest that the particles embedded in bone were fully mineralized. This
suggests that the particles subjected to the diffuse demin eralization were totally eliminated and did not participate in the conduction of the newly formed bone. It is
also possible that some remineralization , as shown by
Daculsi et al. (1990a) and Orly et al. (1989), occurred
within partially demineralized particles before the onset
of bone formation or concomitantly with the mineralization of the matrix laid down by the osteoblasts.
Kawaguchi et al . (1992) observed that MNGCs
appeared as early as 5 days after HA particle implantation in rat periodontal defects and increased thereafter.
In our study , the MNGCs were conspicuously numerous
21 days after implantation with the two HA forms , and
thereafter , drastically declined. This drop was directly
related to the decrease in the number of particles.
Nevertheless , the concomitant decrease in the number of
MNGCs per particle indicates that the work to be carried
out by these cells was also , for the most part , performed
at 42 days after implantation. Not only their number

dropped but also their size , which might indicate a declining metabolic activity . This assumption is based , by
analogy , on the fact that the size of an osteoclast is related to its level of activity (Holtrop and Raisz, 1978).
However, the MNGC-particle interface, a parameter
comparable to another index of osteoclast activity
(McMillan et al., 1989) , was not modified at t:2· This
discrepancy might be only apparent: ultrastructurally
MNGCs were indeed smaller than the LM observations
indicated. The quantitative decrease in MNGC size
would thus be the consequence of a lower number of
MNGCs in the site.
Besides HA degradation, MNGCs might also prepare the material for the subsequent bone formation.
The removal of the superficial layer of the particles
would modify their surface morphology and roughness
(Miiller-Mai et al ., 1990) and conform it to receive osteoblasts. On th e other hand , although the penetration
of organic material and cell debris into the ceramic material has been described as quoted above, their evolution and potential role in HA integration have not been
considered . By analogy , osteoclasts not only remove the
organic and mineral constituents of bone, but also secrete organic complexes which are incorporated into the
cementing reversal lines (Owen and Shetlar , 1968).
These include various glycosaminoglycans and glycoproteins (Nakamura and Ozawa , 1992), and acid phosphatases , either sensitive or resistant to tartrate
inhibition (Yamamoto and Nagai , 1992). According to
Baronet al . (1987) , these proteins might act as coupling
factors attracting osteoblast precursors towards the
Howship ' s lacunae. Therefore, one might speculate that
the organic material left by the MNGCs might contain
chemotactic molecules participating in the recruitment
and/or differentiation of osteoblasts in conjunction with
the proteins adsorbed on the ceramic after implantation
(Klein et al. , 1980; Davies and Matsuda , 1988). In fact ,
according to Reddi (1985), interactions between the cell
surface and matrix anionic proteoglycans might be crucial to the expression of the osteoblast phenotype.
The bone formed around the particles was as
dense and compact as the host bone: it contained few
regularly arranged osteocytes. Its collagen fibers were
parallel to the outer surface of the particles. These
characteristics are those of lamellar bone, and are quite
different from those of the woven bone observed by
some authors (Klein et al. , 1983; Donath et al. , 1987;
Gatti et al ., 1990) . Indeed , woven bone contains more
osteocytes in larger lacunae , the recruited osteoblasts are
uncoordinated and extrude bone matrix in all directions ,
and the fibrillar network is loose and irregular (Parfitt,
1988) .
In conclusion , the skull defect is a suitable model
to study the initial changes leading to the integration of
ceramic materials in bone , since bone formation occurs
rather late in comparison with other models (Donath et
al. , 1987; Daculsi et al. , 1990b; van Blitterswij k et al. ,
1986) . This , therefore , provides good opportunities to
study the MNGCs elicited around the particles , their
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kinetics and behavior, even if discrepancies exist with
models in which bone form earlier. On the other hand,
no difference in integration reactions was seen between
the two conditioning forms of the same HA, i .e.,
crushed before use or standardized particles, suggesting
that the density, composition, and physical properties,
e.g., microporosity, of the material rather than its
conditioning form, are very important.
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Discussion with Reviewers
J.D. de Bruijn : The authors report that "size and
shape" of the cHA is more irregular that the sHA.
Therefore , one would expect cHA to evoke a higher foreign body response , resulting in more MNGCs , than
with sHA. However, Table 1 shows significantly more
MNGCs per defect and per particle with sHA. Can the
authors comment on this apparent discrepancy?
Authors: Because of the more irregular shape and
higher roughness due to the crushing procedure, one
might expect a more intense cellular response in the
defects filled with cHA (Donath et al., 1992). In fact,
the number of MNGCs elicited in the wounds was not
different with the 2 forms of the HA used. It should be
pointed out that the observations were carried out 21
days after implantation , i.e. , at a time when the initial
inflammatory reactions had probably declined. This
does not preclude that at earlier stages, the foreign body
reaction induced by the crushed form was of the same
strength as that induced by the standardized form.
J.D. de Bruijn: Have the authors performed any characterization methods for the MNGCs [e.g., tartrate-resistant acid phosphatase (TRAP) stain] to provide more
conclusive data regarding the origin of the MNGCs and
their possible ·similarities with osteoclasts?
Authors: We have performed different tests to characterize the nature of the MNGCs, including TRAP staining; these data will be published separately. Briefly,
from those observations, MNGCs in our material were
definitely not osteoclasts.
J.D. de Bruijn: Which biological responses and what
results would the authors expect if the particles were
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implanted in non-osseous tissues, e.g., subcutaneously
or intramuscularly?
Authors: It is widely accepted that hydroxyapatites do
not have osteoinductive properties. The implantation of
such materials in extraosseous sites will not result in
bone formation. When the HA used in this study was
implanted subcutaneously (Benque et al., unpublished
data), no bone formation was obtained. However,
Daculsi et al. (1990a) showed that non-specific crystal
formation occurred within the pores of an HA ceramic
implanted in extraosseous sites, which cannot be confused with osteogenesis.

Authors: From our observations, it is not possible to
determine the origin of the demineralization of some
particles .
This demineralization was probably not
MNGC-mediated because of its regularity at the
periphery of the particles. Instead, interstitial fluid, and
especially the inflammatory exudate extravasated in
response to the surgical trauma is likely responsible for
this regular demineralization. HA peripheral dissolution
has been described earlier (Klein et al., 1984,
Biomaterials 5: 137; Daculsi et al., 1989) but to a lesser
extent than in our material. Since the reactions appear
delayed in the site implanted in this study, it is possible
that the demineralization process was amplified.
Although the modifications of the outer structure of the
particle might elicit stronger cellula.r reactions, we did
not observe differences in the number and activity of
MNGCs in relation to the mineralization state of the
particles; however, the quantification of the MNGCs was
performed without taking this criterion into consideration.

C.M. Miiller-Mai: The authors observed different types
of vesicles containing electron dense material which
were interpreted to contain remnants of implant material
(compare Figs. 12, 13). How do the authors explain the
different vesicle morphology shown in the figures?
Could the structure demonstrated in Figure 12 alternatively represent an extracellular recessus? Since the
specimens were subjected to a decalcification process ,
how did the authors make sure that the electron dense
particles were of implant origin? No implant material
was left in the interface. Did the authors correlate the
particle size within the giant cells to the implant grain
size prior to implantation?
Authors: Our assumption that the highly electron dense
material was of implant origin is based on the fact that
similar structures were found both in the LM mineralized material (see Fig. 5) and the TEM demineralized
specimens (see Fig. 10). On the other hand, the observations of Wada et al. (1989), quoted in the Discussion,
strengthen this assumption. We cannot exclude that the
vesicle shown in Figure 12 was an extracellular recessus, but such structures were found within most of the
MNGCs at the ultrastructural level. This phagolysosome
was presented because it showed more clearly its internal structure. No measurement of the intracellular particle size was done, so it cannot be correlated to the implant grain size.

C. Miiller-Mai: The authors observed flat and more
roundish giant cells. Did the giant cell morphology
correlate with their resorptive activity?
Authors: From our data , it is not possible to state
whether the shape of the MNGCs correlated with their
actual degrading activity. Although the size of the interface cell-HA was not quantified separately according to
the cell shape, it was not readily obvious that this parameter was influenced by the shape of the cell. Rather,
the shape of the cell may be dependent on the shape of
the particle itself; in fact , round cells were found in contact with the small and round particles whereas the flat
MNGCs were in contact with flat surfaces of the large
particles.
C.M. Miiller-Mai: In Figure 7, "cell processes" were
described in the particle. Could this alternatively represent a cellular secretion product? How do you exclude
an artifact, e.g., due to the staining procedure?
Authors: Figure 7 does not show cell processes penetrating the HA. At this level of observation, we can
only observe the presence of an organic material. In
contrast, in Figure 3, cell processes reached the HA surface . Although we cannot exclude a staining artifact, it
must be pointed out that these processes were observed
in the toluidine blue- and trichrome-stained sections.
Moreover, we observed the same cellular organization in
semi-thin sections and at the ultrastructural level (not
shown in this paper).

C.M. Miiller-Mai: The authors observed partially
demineralized and non-demineralized particle surfaces in
their LM experiments. Which processes govern the
development of the lightly stained corona in some of the
particles? Was there any difference in the number and
activity of giant cells in contact with the two different
particle types?
If yes, do the authors have an
explanation for this observation?
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